Bacterial gene regulators containing transition metal cofactors that function as binding sites for small ligands were first described in the 1990s. Since then, numerous metal-containing regulators have been discovered, and our knowledge of the diversity of proteins, their cofactors and the signals that they sense has greatly increased. The present article reviews recent developments, with a particular focus on bacterial sensors of nitric oxide.
Introduction
Transcriptional regulators containing transition metal cofactors provide effective mechanisms for controlling gene expression in response to environmental stimuli. Haem and iron-sulfur cofactors with roles in signal-sensing were first described in the 1990s [1] [2] [3] . The range of ligands and signals now known to be sensed by metal cofactors is impressively large, and includes oxygen, superoxide, singlet oxygen, hydrogen peroxide, hydrogen, carbon monoxide and nitric oxide (NO), as well as treatments that result in modifications of thiol residues. Well-characterized prototypical receptors for these signals include proteins containing haem, non-haem iron, [Fe-S] clusters and zinc (Table 1) . For the purposes of the present article, I am considering only proteins that are known to be regulators of transcription, either directly (by binding to DNA) or indirectly (for example the histidine kinases, which control the activity of a partner DNA-binding transcriptional regulator). Proteins that are components of other types of signalling pathways (such as chemotaxis and di-cyclic GMP signalling) are not included. Furthermore, regulators that are exclusively sensors of metals, where the metal acts as a co-activator or co-repressor (rather than as a cofactor), are not considered.
I recently reviewed the current state of our understanding of proteins (many of them with metal cofactors) that sense NO [4] , and reviews are available that specifically cover the haem-, [Fe-S]-and zinc-based sensors [5] [6] [7] . My intention in this brief article is to provide an update of recent developments and outstanding issues, with a focus on proteins that mediate responses to NO. Bacterial responses to NO are of considerable interest, because of the role that NO plays in phagocytic cells of the innate immune system [8] . NO is also made as a by-product of nitrate and nitrite respiration in enteric bacteria [9] , which may provide a rationale for the
Iron-sulfur proteins
SoxR and FNR (fumarate and nitrate reductase regulatory protein) are iron-sulfur proteins that mediate responses to superoxide and oxygen respectively, and were the first bacterial DNA-binding proteins to be shown to contain metal cofactors with roles in signal-sensing [1, 2] . SoxR can also be activated by singlet oxygen [10] , and both SoxR and FNR have been shown to respond to NO, in vivo and in vitro [11] [12] [13] . Whether these are physiologically important responses to NO remains an open question [4] . One potentially important issue concerns sensitivity. The limited available data suggest that the 'true' sensors of NO (NorR and NsrR in Escherichia coli, described below) are more sensitive to NO than regulators that are perturbed by NO, but sense other signals as their primary function [FNR, SoxR, IscR and Fur (ferric uptake regulator) in E. coli]. The K d for NO binding to NorR has been estimated to be 50 nM [14] , whereas halfmaximal saturation of FNR and SoxR requires >10 μM NO [11, 13] ; the sensitivity of Fur to NO also appears to be in the micromolar range [15] . Recent work suggests that NsrR is more sensitive to NO than FNR in vivo, in Neisseria meningitidis [16] . It is possible that NorR and NsrR have sensitivities that are adapted to respond to the nanomolar concentrations of NO that are made as a by-product of nitrite respiration in E. coli [9] ; members of the NorR and NsrR regulons are expressed during anaerobic growth on nitrite [14, 17] .
IscR is a [2Fe-2S] protein that is a repressor of the isc operon, which encodes proteins that are required for an [Fe-S] biogenesis pathway [18] . It is presumed that the major physiological role of IscR is to modulate isc expression according to the cell's requirement for clusters. The homoeostatic mechanism is not well understood, although it probably involves reversible assembly and disassembly of the cluster, according to the availability of iron and/or sulfur [18] . There is evidence that IscR also mediates responses to oxygen [19] , NO [12, 20] , and hydrogen peroxide [21] , and the apo form of IscR can apparently function as an activator of transcription [22] . The IscR homologue NsrR has been shown to regulate gene expression in response to NO in several species [16, 17, [23] [24] [25] [26] . IscR and NsrR share three conserved cysteine residues, and preliminary evidence suggests that the Bacillus subtilis NsrR is an [Fe-S] protein, as is suggested by its primary structure [24] .
Haem proteins
The roles of haem proteins as sensors of oxygen (FixL) and carbon monoxide (CooA) are well established and are supported by a wealth of structural and biochemical data [5, 27] . FixL is a membrane-associated histidine kinase, and was the first bacterial gene-regulating sensory protein to be shown to have a metal cofactor [3] . Haem-based sensors of NO are less well understood. DosS (DevS) and DosT are paralogous haemcontaining histidine kinases from Mycobacterium tuberculosis. Oxygen inhibits the kinase activities of DosS and DosT, so that these proteins and their associated response regulator (DosR) mediate a physiological response to low oxygen. Suggestions that NO mimics low oxygen and that DosS/DosT are also NO sensors can now be rationalized mechanistically. NO binding does not regulate the activities of DosS and DosT (so they are not true NO sensors), rather NO binds avidly, prevents oxygen from binding and so mimics low oxygen [28] . Transcriptional regulators from the FNR/CRP (cAMP receptor protein) family, variously designated DNR, NNR and NnrR, have been shown to control gene expression in response to NO in several denitrifying bacteria which make NO as an intermediate of the respiratory reduction of nitrate to dinitrogen [4] . Suggestions that representatives of these proteins might have a haem-based mechanism [29, 30] now have some support from structural studies. Specifically, the structure of a fragment of DNR from Pseudomonas aeruginosa reveals a hydrophobic pocket that might function as a haem-binding site [31] . Haem binds to DNR with 1:1 stoichiometry, and the haem form of DNR can bind NO. DNR containing substoichiometric amounts of haem can bind to a target promoter, although it is not known whether or how NO regulates this in vitro activity [31] .
The major receptor for NO in eukaryotes is the soluble guanylate cyclase, which is activated by NO binding to a haem located in a protein domain now designated H-NOX (haem NO and/or oxygen binding). Bacterial homologues of the H-NOX domain are widespread, and are expressed either as stand alone proteins or as fusions to other domains with signalling functions [32] . Bacterial H-NOX domains are haem proteins that specifically bind either oxygen or NO [32, 33] , but the physiological roles of members of this group of proteins remain poorly understood. A recent exciting development is the report that the NO-bound form of an H-NOX protein (SO2144) from Shewanella oneidensis interacts with and inhibits the activity of a histidine kinase (SO2145); the two proteins are encoded by adjacent genes [34] . The clear implication is that NO sensing by SO2144 regulates gene expression via the activities of SO2145 and an unidentified response regulator. No genes that are regulated by this or any other H-NOX protein have yet been identified.
The newly-described haem-based carbon monoxide sensor RcoM also binds NO [35] . RcoM from Burkholderia xenovorans activates, in response to CO, the promoter from an operon of genes that encode enzymes involved in CO oxidation. Together with genome context information, this suggests that RcoM and its relatives are physiological CO rather than NO sensors [35] .
There is strong evidence from sequence information to suggest that there are histidine kinases with periplasmic signal sensing domains containing c-type haem [36] . However, the representatives of this domain that have so far been characterized biochemically are components of chemotaxis sensors rather than histidine kinases that regulate gene expression [36, 37] .
Non-haem iron and zinc proteins
Fur is a metal-sensing protein that is principally involved in controlling iron uptake and homoeostasis. When first reported, the iron of Fur was described as a cofactor [38] , although, in its most important role, the iron functions as a reversibly bound co-repressor. Nevertheless, iron in Fur can also function as a true cofactor, since Fur-Fe can be derivatized by NO to form a dinitrosyl-iron complex, which leads to inactivation of Fur and derepression of the Fur regulon [15, 39, 40] . Fur from E. coli contains a structural zinc site as well as the metal-sensing site that is the binding site for iron. Recent data suggest that the zinc site can be disrupted by severe oxidative stress, at least in vitro [41] . PerR is a peroxide-sensing Fur homologue, which also contains a zinc site, and a second site that can be occupied by either iron or manganese. The mechanism of peroxide sensing involves iron-mediated oxidation of one of two histidine residues [42] . PerR-controlled genes can be derepressed in vivo by NO [43] , although the mechanistic basis of this effect is not known. As is the case for Fur, the zinc site of PerR is sensitive to severe oxidative stress [44] . Thus both Fur and PerR have two metal cofactors which have distinct roles in signal sensing (Table 1) . Orthologues of these proteins in other organisms may have similar roles in mediating responses to oxidative stress and similar mechanisms [45] .
NorR is a non-haem iron protein which seems to serve exclusively as an NO sensor in both denitrifying and non-denitrifying bacteria [14, 39, 46] . Activation of NorR requires the formation of a mononitrosyl-iron complex in the N-terminal GAF (cGMP-specific and -stimulated phosphodiesterases, Anabaena adenylate cyclases and Escherichia coli FhlA) domain [14] . Recent studies have used site-directed mutagenesis, NO-and iron-binding assays, spectroscopy and structural modelling in efforts to assign the ligands to the iron centre in the NorR proteins from E. coli and Ralstonia eutropha. Both studies concluded that the iron of NorR is co-ordinated by three aspartate residues, an arginine and a cysteine [47, 48] .
In eukaryotic systems, it is well established that zinccontaining transcription factors can be targeted and perturbed by NO or reactive nitrogen species derived from NO [49] . In bacteria, nitrosative stress (imposed by exposure to S-nitrosoglutathione) inhibits DNA replication by mobilizing zinc from DNA-binding proteins [50] . The related zinccontaining anti-σ factors ChrR and RsrA are sensitive to oxidative stress; in both cases, thiol oxidation leads to loss of zinc from the protein [51] [52] [53] . The E. coli Ada protein is activated for DNA binding by methylation of a zinc-co-ordinating cysteine residue [54] . There is, however, no well-established example of a bacterial zinc-containing transcriptional regulator that responds to NO. Perhaps the best candidate at this time is NmlR from Neisseria gonorrhoeae. NmlR regulates expression of an S-nitrosoglutathione reductase, and so probably mediates a physiological response to nitrosative stress [55] . NmlR has four cysteine residues that are required for its activity, and NmlR-mediated repression requires zinc in vivo [55] . However, it has not yet been shown that the purified protein contains zinc or that NmlR activity requires zinc in vitro.
Conclusions and future prospects
Not all responses to reactive oxygen and nitrogen species depend on metal-cofactored sensor proteins, since posttranslational protein modifications, especially of cysteine residues, also provide important regulatory mechanisms [56] . Nevertheless, it is increasingly clear that, at least in prokaryotes, there are extremely diverse metal-dependent sensing systems for a wide variety of environmental signals.
In only a few cases are complete mechanistic descriptions available to explain how the interaction of a small ligand with a metal cofactor controls the activity of a regulatory protein.
In this context, the haem-based sensor FixL is perhaps the best understood, since structures of multiple forms of the protein are available [5] . Thus accumulating additional structural and biophysical information for other metalcontaining regulators will continue to be a high priority.
Diverse proteins and mechanisms can be found within single species, where multiple sensors for a particular signal have often been reported. In the case of E. coli, for example, at least six metalloregulatory proteins have been reported to respond to NO, either in vitro or in vivo, or both, and the SoxR and IscR proteins have each been reported to respond to at least three different signals. In at least some cases, these reported effects may result from the experimental use of high, non-physiological, concentrations of oxidants. For any regulator/signal interaction it would certainly be helpful to have quantitative information about the affinity and sensitivity, information that is only currently available in some cases. A considerable challenge for the microbiologist is to understand the relative importance of each protein in co-ordinating the organism's response to a particular environmental insult.
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